Poling Effect to Piezoelectric Diaphragm-Type Ultrasonic Microsensors and Sensitivity Enhancement through Buckling Profile Control  by Yamashita, Kaoru et al.
 Procedia Engineering  87 ( 2014 )  46 – 49 
1877-7058 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the scientific committee of Eurosensors 2014
doi: 10.1016/j.proeng.2014.11.262 
ScienceDirect
Available online at www.sciencedirect.com
EUROSENSORS 2014, the XXVIII edition of the conference series
Poling Eﬀect to
Piezoelectric Diaphragm-Type Ultrasonic Microsensors and
Sensitivity Enhancement through Buckling Proﬁle Control
Kaoru Yamashita∗, Hikaru Tanaka, Minoru Noda
Kyoto Institute of Technology, Matsugasaki, Kyoto 606-8585, Japan
Abstract
This paper describes that poling to piezoelectric sensors, which is considered to enhance their sensitivity, has a side eﬀect to decline
the sensitivity of piezoelectric diaphragm-type ultrasonic microsensors, and also demonstrates how to cancel the side eﬀect. The
poling to the piezoelectric/ferroelectric ﬁlms improves their piezoelectric property but also causes converse-piezoelectric stress on
the sensor diaphragms. The sensors on upward-buckled diaphragms, which yield higher sensitivity than downward ones, decline
their sensitivity because the buckling proﬁle is modiﬁed through the converse-piezoelectric stress by the poling. An extra electrode
on the diaphragm has been utilized to generate an additional converse-piezoelectric stress so that the extra stress cancels the proﬁle
modiﬁcation. Moreover, a diaphragm which accidentally buckled downward in fabrication process has been re-buckled upward by
the extra stress.
c© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientiﬁc committee of Eurosensors 2014.
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1. Introduction
Piezoelectric diaphragm-type ultrasonic microsensors detect the ultrasonic signal to convert ﬂexural vibration of the
diaphragm caused by the sound pressure to in-plane stress vibration in the piezoelectric layer. Based on the detection
principle, a static deﬂection of the diaphragm strongly aﬀects the sensitivity and upward-buckled diaphragms yield
higher sensitivity than ﬂat or downward ones [1]. On the other hand, electric poling to ferroelectric thin ﬁlms improves
their piezoelectric property through polarization alignment [2,3]. The authors have been developing piezoelectric
diaphragm-type ultrasonic microsensors [4] with a fabrication process of the sensors to make them spontaneously
buckle upward for the high sensitivity [5]. In this paper, sensitivity change has been investigated according to electric
poling to the piezoelectric/ferroelectric layer of the sensor and describes a side eﬀect to decline the sensitivity cased
by poling stress. Moreover, a stress control technique to cancel the side eﬀect has been provided and re-buckling
process of a downward-buckled diaphragm to upward has also been demonstrated by using the technique.
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Fig. 1. A schematic illustration of the sensor structure with a top view
photograph of a ﬂat diaphragm. The sensing electrode area is limited due
to inhomogeneous distribution of piezoelectric polarization in the ﬁrst
resonant mode vibration. The extra electrode is placed in the surrounding
area.
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Fig. 2. Output voltage from the sensors against an ultrasonic pulse versus
the center deﬂection of the diaphragm. The insets show typical buckling
proﬁles of the sensor diaphragms and examples of the response wave-
forms from the sensors.
2. Sensitivity upon diaphragm shape and poling
Figure 1 shows a schematic and a photograph of the piezoelectric diaphragm-type ultrasonic microsensor. A piezo-
electric/ferroelectric lead-zirconate-titanate (PZT) capacitor is formed on a silicon dioxide (SiO2) diaphragm. The top
electrode is divided into two parts; the sensing electrode part has an limited area in central region due to inhomoge-
neous distribution of piezoelectric polarization in the ﬁrst resonant mode vibration [6,7] and the extra electrode part is
placed in the surrounding area. The SiO2 layer formed through thermal oxidation of the silicon substrate has a strong
compressive stress and the diaphragm may buckle to show a static deﬂection according to fabrication process condi-
tion [5]. In the piezoelectric diaphragm-type sensors as shown in Fig. 1, upward-buckled (convex shaped) diaphragms
show higher sensitivity [8] as shown in Fig. 2, aﬀected by a nonlinear stress component due to the static deﬂection.
Poling to the piezoelectric/ferroelectric ﬁlms by applying electric ﬁeld over the coercive ﬁeld improves the piezo-
electric property because of the polarization alignment. A ﬂat diaphragm sensor and an upward buckled-diaphragm
sensor have been poled on the sensing electrode up to 8V. A typical example of ferroelectric hysteresis loops is shown
in Fig. 3. The voltage application under 8V means that it is above the coercive voltage but does not have the hystere-
sis saturated enough. Sensitivity changes upon the poling are shown in Fig. 4. Poling to the ﬂat diaphragm sensor
improves the sensitivity because of the improvement of the piezoelectric property as shown in Fig. 4 (a). Poling to the
upward-buckled sensor also improves the sensitivity in a low voltage region, but the sensitivity declines at a higher
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Fig. 3. A typical example of ferroelectric po-
larization hysteresis loops of the PZT capacitor
on a sensor diaphragm.
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Fig. 4. Sensitivity changes versus poling voltage VP applied to the sensing electrode on (a) ﬂat
diaphragm sensor and (b) upward-buckled diaphragm sensor. The sensitivity of the upward-
buckled diaphragm sensor deceases in a high poling voltage region as indicated by the dotted
oval.
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poling voltage region as shown in Fig. 4 (b). This sensitivity anomaly can not be explained simply by the ferroelectric
polarization alignment.
3. Diaphragm shapes under poling states
3.1. Modiﬁed buckling shape by converse-piezoelectric stress
In order to clarify the origin of the sensitivity anomaly upon the poling, the authors have precisely checked the
diaphragm proﬁles under various poling states. Figure 5 shows the proﬁles of the buckled sensor diaphragm and the
center deﬂections under poling voltages as Fig. 4 (a). The buckling deﬂection decreases over VP = 4V due to tension
induced by converse-piezoelectric stress over coercive ﬁeld. The sensitivity has been improved until VP = 6V because
the improvement of the piezoelectric property cased by the polarization alignment has been dominant on the sensitivity
although the convex shape of the sensing electrode part is going to ﬂat. Finally the central part of the diaphragm is
deformed downward at VP = 8V, thus the concave shape of the sensing electrode area causes the sensitivity drop.
This type of the sensitivity anomaly is not observed in the ﬂat diaphragm sensors because the tension caused by the
converse-piezoelectric stress over the coercive ﬁeld does not deform any more the diaphragm shape which is already
ﬂat.
The extra electrode has a ten times larger area than the sensing electrode and a large tension in the diaphragm is
expected by applying voltage onto the extra electrode through the converse-piezoelectric stress. After poled at 8V
on the sensing electrode, proﬁle change of the diaphragm have been observed with increasing the voltage VX onto
the extra electrode. The results are shown in Fig. 6. The tension in the surrounding area recovers the buckling shape
towards ﬂat and the center deﬂection goes to upward at VX = 4V, then ﬁnally the sensing electrode region has a
convex shape at VX = 6V,
3.2. Eﬀect of converse-piezoelectric stress to large buckling
In the case of Fig. 5, the original static deﬂection of the diaphragm is smaller than 3 μm. The converse-piezoelectric
stress by poling is less eﬀective on a sensor having a large original buckling. Figure 7 shows the buckling proﬁles
similar to that in Fig. 5 for a 6 μm-buckling diaphragm. In this case, the 8V poling only ﬂattens the central part of
the diaphragm diﬀerently from the case in Fig. 5. This means that the advantages of a large upward-buckling are not
only the sensitivity enhancement by geometrical structure [1] but also that the sensitivity enhancement by the fact
that the poling can be eﬀective until a higher poling voltage. Such a diaphragm having a large buckling deﬂection
tends to accidentally buckle downward in the fabrication process although the process has been optimized to yield
spontaneously upward buckling. The external stress on the extra electrode can be utilized for downward-buckled
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Fig. 5. The buckling of the sensor diaphragm versus poling voltage VP to
the sensing electrode. (a) Buckling proﬁle and (b) center deﬂection.
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Fig. 6. The buckling of the sensor diaphragm poled at 8V on the sensing
electrode versus voltage VX to the extra electrode. (a) Buckling proﬁle
and (b) center deﬂection.
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Fig. 7. The buckling of the sensor diaphragm having a large initial buck-
ling deﬂection versus poling voltage VP. (a) Buckling proﬁle and (b)
center deﬂection.
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Fig. 8. The buckling of the sensor diaphragm having an initial downward-
buckling deﬂection versus extra voltage VX. (a) Buckling proﬁle and (b)
center deﬂection.
diaphragms to re-buckle upward. The results are shown in Fig. 8. The buckling deﬂection decreases with increasing
the applied voltage and it jumps from downward to upward at 4.5V. The re-buckled diaphragm maintains the upward
buckling after the voltage application is stopped. Thus the extra stress eﬀectively controls the buckling proﬁle for
highly sensitive structure.
4. Conclusions
Ultrasonic microsensors with piezoelectric diaphragms have been fabricated using ferroelectric PZT ﬁlms on
upward-buckled structures for high sensitivity. Although poling to the PZT ﬁlms improves piezoelectric property
through polarization alignment, the sensitivity of the buckled sensors have declined in a high poling voltage region
due to deformation of the diaphragm caused by converse-piezoelectric stress. The deformation has been canceled by
additional stress on the extra electrode surrounding the sensing electrode and the diaphragm shape has been recov-
ered to upward. The extra stress has also been utilized to re-buckle an accidentally downward-buckled diaphragm to
upward to recover the sensitivity.
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